The above-and below-ground parts of rice plants create specific habitats for various microorganisms. In this study, we characterized the phyllosphere and rhizosphere microbiota of rice cultivars using a metaproteogenomic approach to get insight into the physiology of the bacteria and archaea that live in association with rice. The metaproteomic datasets gave rise to a total of about 4600 identified proteins and indicated the presence of one-carbon conversion processes in the rhizosphere as well as in the phyllosphere. Proteins involved in methanogenesis and methanotrophy were found in the rhizosphere, whereas methanol-based methylotrophy linked to the genus Methylobacterium dominated within the protein repertoire of the phyllosphere microbiota. Further, physiological traits of differential importance in phyllosphere versus rhizosphere bacteria included transport processes and stress responses, which were more conspicuous in the phyllosphere samples. In contrast, dinitrogenase reductase was exclusively identified in the rhizosphere, despite the presence of nifH genes also in diverse phyllosphere bacteria.
Introduction
Rice is one of the most important food crops, nourishing approximately 50% of the world's population. The rice plants represent a habitat for diverse microorganisms, which colonize the aerial parts, referred to as phyllosphere, as well as the root surface (rhizoplane). A specific microbial community is also found in the zone around the root that is influenced by the plant, the rhizosphere (Kowalchuk et al., 2010) . Substantial research has been performed to elucidate the activities and functions of rice root-associated microbiota. On the one hand, beneficial effects were explored with respect to nutrient supply, in particular nitrogen, protection against pathogens and plant growth stimulation (Ladha and Reddy, 2000; Prasanna et al., 2010) . On the other hand, biogeochemical conversion processes of carbon, nitrogen, sulfur and iron were extensively studied, in particular for rice grown under flooded conditions (Brune et al., 2000; Liesack et al., 2000) . As oxygen is rapidly consumed in rice paddies upon flooding, the major carboncycling process is the fermentative degradation of organic matter. The resulting products are further oxidized coupled to the reduction of nitrate, iron (III) or sulfate, as long as these are available as electron acceptors, before the final degradation steps are taken over by syntrophic bacteria and methanogenic archaea. Thus, flooded rice paddies represent a major biogenic source of atmospheric methane, despite the fact that a substantial amount (10-40%) of this greenhouse gas is oxidized by aerobic methanotrophic bacteria before it reaches the atmosphere (Frenzel, 2000; Krü ger et al., 2001) . These methanotrophs thrive in the oxic zones around the rice roots and the shallow soil-surface layer (Conrad, 2007) .
The bacteria inhabiting the phyllosphere of rice and their physiological adaptations to the habitat have been less intensively studied. So far, a number of bacterial isolates from the rice phyllosphere have been characterized (Elbeltagy et al., 2000; Madhaiyan et al., 2007 Madhaiyan et al., , 2009 Mano et al., 2007) and potential beneficial interactions of phyllosphere bacteria with rice plants, such as plant growth promotion, for example, by bacterial nitrogen fixation or plant hormone production, and protection against pathogens have been studied (Madhaiyan et al., 2004; Maliti et al., 2005; De Costa et al., 2008; Yang et al., 2008; Chinnadurai et al., 2009; Pedraza et al., 2009) .
Metagenome-and proteome-based analyses are global approaches that allow to identify members of a microbial community, give insight into the physiological potential of the community and enable the identification of the metabolic pathways in an ecosystem under given conditions. However, the application of metaproteomic methods to highly complex microbial plant-associated communities will remain challenging (Knief et al., 2011) . The first metaproteogenomic study of plant-associated microorganisms was concerned with the bacterial communities inhabiting the phyllosphere of Arabidopsis, soybean and clover plants, and revealed a remarkable consistency with respect to the dominant bacterial taxa and the proteins identified in populations from the different plants (Delmotte et al., 2009) . In that study, microorganisms were sampled from leaf material, and parallel metagenomics and metaproteomics analyses were performed using one-dimensional protein separation followed by liquid chromatography high-accuracy mass spectrometry. Metaproteomic studies of rhizosphere samples are still at its beginning and first reports were only published very recently Wu et al., 2011) . In those studies, proteins were directly extracted from rhizosphere samples (without a preceding physical enrichment step of microbial cells; Bastida et al., 2009) , separated by twodimensional gel electrophoresis and identified by MALDI-TOF/TOF. The studies revealed that a direct protein extraction method restricted microbial protein identification in the rhizosphere samples by the high recovery of plant proteins (475% from 120 different identified proteins).
In the present study, a metaproteogenomic approach was applied to analyze the microbial community inhabiting the phyllosphere and rhizosphere of rice. We aimed at identifying the major physiological traits of the dominant rice-colonizing microorganisms and addressed the following research questions specifically: (1) how similar or different is the overall phyllosphere microbiota of this monocotyledonous tropically grown plant compared with the biota of the previously analyzed plant species; (2) is there evidence for microbial proteins specific for life in the phyllosphere and rhizosphere; (3) which are the potentially dominating catabolic processes of microorganisms living in association with rice, in particular in relation to onecarbon compound conversion; (4) to what extent can nitrogen fixation potential be demonstrated, considering the fact that phyllosphere bacteria and, even more so, stem endophytes have been reported to be able of nitrogen fixation, and rice is known to be colonized by diazotrophs (Elbeltagy et al., 2001; Elbeltagy and Ando, 2008; Fü rnkranz et al., 2008; Pedraza et al., 2009 ). Figure 1 Overview of samples analyzed in the present study and the applied methods to get insight into the identity and physiology of the rice-associated microbiota. Further details about the samples are given in Supplementary Table S1. parts of the plants of three rice varieties (Oryza sativa subsp. indica cv. Angelica, IR-72 and PSB RC80) were cut approximately 10 cm above the water level and immediately transferred to the laboratory at the International Rice Research Institute, where they were further processed within half a day. To wash off the microorganisms from the plant material, a bunch of plants was taken, dead leaf material and panicles were removed, and the material (200-250 g fresh weight) bagged into a polypropylene bag (excluding the lower part of the stem). TE buffer (250 ml) supplemented with 0.1% Silwet L-77 was added and the microorganisms were dislodged by alternate sonication and shaking for 150 s. Further enrichment of bacterial and archaeal cells by centrifugation of the suspension on top of a 2-ml Percoll layer in 50-ml tubes and washing was performed as described (Delmotte et al., 2009) . Between 6 and 10 kg of plant material was processed for each of the three phyllosphere samples.
Materials and methods

Sample collection
To collect rhizosphere samples, three soil cores per rice variety (Angelica and IR-72) were taken by punching a stainless steel corer (inner diameter 5.4 cm) into the ground over a cropped rice tuft. The upper 6 cm of the core contained most of the root bale and was further processed. The root-attached soil was washed from the root material of all the three cores using 700 ml of TE-buffer plus 0.1% Silwet. Large clumps of non-rooted soil were removed before they disaggregated in the suspension. The obtained soil suspension was processed further in a similar way as the plant material, starting with the dislodgement of the bacteria from the soil particles by shaking and sonication in 50-ml tubes. The enrichment of bacterial and archaeal cells was done on top of a 3-ml Percoll layer and followed by washing steps as described for the phyllosphere samples.
Rhizoplane samples were collected by pulling out seven tufts of rice plants per variety and washing off the attached soil under tap water. Excess water was removed from the root material with paper towels. The root material was cut into pieces, transferred into 50-ml tubes and the bacteria were washed from the material and collected as described above.
Flooding water (4.5 l) from the field (IR-72) and from a basin (size approximately 1 m 3 ; feeding the field on which rice cultivar Angelica was grown) was collected and filtrated through cellulose membrane filters with 0.22 mM pore size (GSWP04700, Millipore, Zug, Switzerland). Filters were frozen until further processing. To recover the microorganisms, the membrane filters were placed into 50-ml tubes and 35 ml of TE-buffer plus 0.1% Pefabloc and 0.1% Silwet L-77 were added. Microorganisms were dislodged by alternate sonication and shaking for 3 min. Enrichment of bacterial and archaeal cells was achieved by centrifugation of the suspension on top of a 6-ml Percoll layer and followed by washing steps.
Extraction of DNA and proteins DNA and proteins were extracted from the collected material using the AllPrep DNA/RNA/Protein Mini Kit (Qiagen, Hilden, Germany) as described (Delmotte et al., 2009 ) with slight modifications. The bead-beating time in the tissue lyser was increased to 6 min and a second lysis step was introduced. To this end, the pellet obtained after the first lysis step was resuspended in 750 ml kit-supplied RLT buffer and shaken in a capsule-mixing unit (Cap Mix; 3M ESPE, Rü schlikon, Switzerland) for 90 s. Upon centrifugation, the supernatants of both lysis steps were combined, the DNA in the suspension bound to two kit-supplied columns and washed. DNA was obtained from the column by two sequential elutions with 100 ml elution buffer.
Although DNA extraction using the AllPrep DNA/ RNA/Protein Mini Kit resulted in high-quality DNA for the phyllosphere samples, it failed in case of the root samples. To obtain DNA for metagenome sequencing in this case, additional material of the IR-72 rhizosphere sample was taken for DNA extraction using the FastDNA SPIN Kit for Soil (Qbiogene, Heidelberg, Germany) . In all, 1.5 g of material was extracted in three parallel assays. Cell lysis was performed using the kit-supplied materials and applying the procedure described above. Further extraction and purification with guanidine isothiocyanate (performed twice) was done as described .
16S rRNA gene-based community analyses
Bacterial 16S rRNA gene-based clone libraries were constructed from the IR-72 phyllosphere and rhizosphere sample using the TOPO TA Cloning Kit (Life Technologies, Grand Island, NY, USA) as described (Delmotte et al., 2009) . Archaeal 16S rRNA genes were amplified in the root samples using primers Ar109f and Ar912rt (Lueders and Friedrich, 2002) 
Metagenome analysis
Metagenome sequence libraries were established as in a previous study (Delmotte et al., 2009) . Sequences were generated by shotgun sequencing on the Roche 454 Genome Sequencer FLX system (454 Life Sciences, Branford, CT, USA) at the Functional Genomics Center Zurich and are available under accession number SRA047327.1 (NCBI BioProject PRJNA75059). Assembly resulted in 184 273 contigs (average fragment length 605 bp) and 2 029 672 non-assembled reads totaling 831 769 586 bp with an average fragment length of 375 bp for the phyllosphere sample and 10 279 contigs (average fragment length 458 bp) and 1 016 703 nonassembled reads totaling 395 652 345 bp with an average fragment length of 385 bp for the rhizosphere sample. Metagenome open reading frame (ORF) prediction and annotation was performed as described in Delmotte et al. (2009) . Similarity searches using BLAST against the database UniRef90 were used to transfer protein and Pfam annotations. A total of 1 340 274 phyllosphere ORFs and 749 569 rhizosphere ORFs could be annotated with confidence (expected E-value cutoff of 0.0001 and minimum bitscore of 60). All non-annotated phyllosphere ORFs (23 169 756) and non-annotated rhizosphere ORFs (11 039 787) were kept in the metagenome database for MS identification. The taxonomic composition of the phyllosphere and the rhizosphere sample was analyzed based on metagenome data using MLTreeMap (Stark et al., 2010) .
Protein identification
The extracted protein fraction was processed as described before (Delmotte et al., 2009) . The number of spectra detected per sample is given in Supplementary Table S1 . Spectra are deposited in the PRIDE database under accession number 1689. Data files were converted to peak lists and analyzed with Mascot 2.3 (Matrix Science, London, UK) and X! Tandem Tornado (2008.12.01.1; The Global Proteome Machine Organization). Database searches were performed against a database concatenated from Uniref100 (10 246 365 entries, release June 2010) and 36 299 386 sequences issued from the metagenomics ORF databases of this study; it had a total of 46 545 751 entries. Search parameters were as follows: taxonomy, all entries; fixed modification, cysteine carbamidomethylation; variable modifications, methionine oxidation; enzyme, trypsin; maximum number of missed cleavages, 1; peptide tolerance, 5 ppm; and MS/MS tolerance, 0.5 Da. Results were validated with Scaffold 3.0 (Proteome Software Inc., Portland, OR, USA). Protein identifications were accepted if they could be established at 499.0% probability and contained at least two identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm (Nesvizhskii et al., 2003) . Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. False discovery rate at protein level was estimated to be below 0.5%. Note, however, that despite the high confidence in protein identification itself, the assignment of identified proteins to genera might mask assignment to closely related strains for which no protein sequence information is currently available. The lists of identified proteins reported by the two search engines were merged to a single list by creating the union of hits obtained by both algorithms for each spectrum.
Metaproteome data analyses
The complete list of identified proteins was filtered in a non-supervised fashion to remove eukaryotic proteins by parsing protein taxonomy annotations and excluding proteins from species not belonging to the NCBI bacteria (including archaea), viruses or environmental sample phylogenetic divisions of the NCBI taxonomy. This filtered list was used for all downstream analyses. For taxonomic and functional analysis of the metaproteome, a version of MLTreeMap was designed that requires protein sequences as input instead of nucleotide sequences.
The similarity between sample proteomes was analyzed based on expressed Pfam protein domains. Fractional spectral counting was performed to semiquantitatively estimate protein abundance. A given spectrum can be ambiguous and identified several proteins, and therefore this spectrum count is fractionally assigned to these ambiguous hits. Additionally, spectral counts were normalized by the total number of spectra identified in one sample and by the length of the matching protein. For each Pfam, these abundances were then aggregated based on protein/domain mappings (all domains of a given identified protein were considered). Samples were clustered using the Ward hierarchical clustering algorithm (using R, package hclust) on Euclidean distances computed using their Pfam fractional count profiles after log transformation. Cluster reliability was assessed using the R package pvclust (Suzuki and Shimodaira, 2006) .
Results and discussion
The leaf-and root-associated microbiota of two rice cultivars grown at the International Rice Research Institute were analyzed in this study using a metaproteomic approach (Figure 1 ). Samples were taken from O. sativa subsp. indica cv. Angelica and IR-72 at the growth stage of flowering. An additional phyllosphere sample was taken from rice variety PSB RC80 (early flowering stage). The data of these samples were contrasted with two metaproteomic reference datasets of microbial communities not directly associated with plants: the microorganisms residing in the flooding water of the field on which cultivar IR-72 was grown and those of a water reservoir, which was used for flooding the field on which cultivar Angelica was grown. To increase the number of identified proteins, metagenomics shotgun sequencing was performed for one phyllosphere (IR-72) and one rhizosphere (IR-72) sample.
Bacterial community composition in the rice phyllosphere and rhizosphere according to DNA-based analyses Information about the microbial community composition was gained from complementary approaches. The analysis of metagenome data by MLTreeMap uses the phylogenetic information contained in protein-coding marker genes that occur in single copy in all living organisms. This allows assessing the relative abundance of the members in the microbial community (Stark et al., 2010) . MLTreeMap analysis revealed the dominance of Alphaproteobacteria (35%) and Actinobacteria (38%) in the phyllosphere of rice cultivar IR-72 (Figure 2) . Moreover, Bacteroidetes, Firmicutes, Beta-and Gammaproteobacteria contributed mainly to the bacterial community (Figure 2 and Supplementary Figure S1 ). 16S rRNA gene-based clone library data were in agreement with these results and allowed the identification of bacterial community members at higher taxonomic resolution. The Alphaproteobacteria appeared to be primarily represented by the genera Rhizobium and Methylobacterium (Supplementary Table S2 and Figure S2 ). Among the Actinobacteria, the genus Microbacterium was predominantly detected. In all, 13% of the bacterial clone sequences could not be assigned to known bacterial genera. A rarefaction analysis based on clone library data revealed that the complexity of the bacterial phyllosphere community was comparable to that of previously analyzed plants (Supplementary Figure S3a) .
The microbial community composition in the rhizosphere of rice cultivar IR-72 was clearly distinct from that in the phyllosphere, both in terms of composition and complexity (Figure 2 , Supplementary Figure S1 and S3, Table S2 ). Our findings with regard to complexity and composition were consistent with those of earlier rhizosphere studies (Lu et al., 2006; Kim et al., 2008) and similar to those of paddy soil studies (Shrestha et al., 2009) . The higher complexity of the rhizosphere sample in comparison with the phyllosphere was also reflected by the lower degree of assembly of the Figure 2 Bacterial and archaeal diversity in the metagenome and metaproteome datasets. An ML-TreeMap analysis was performed to assess the microbial community composition in the phyllosphere (blue) and rhizosphere (red) of rice variety IR-72 (left tree). The backbone tree was calculated based on aligned sequences of 40 phylogenetic marker genes from fully sequenced organisms. Dots indicate the placement of metagenomic sequence reads containing these marker genes, whereby the size of a dot corresponds to the frequency of recovery. In the metaproteome tree (right tree), blue dots indicate the phylogenetic placement of identified proteins of all the three phyllosphere samples, whereas red dots represent proteins identified in the rhizosphere and rhizoplane samples. The relative frequency with which genome reads and proteins of selected taxa were recovered is highlighted in the center. Detailed trees are available as supplementary material (Supplementary Figure S1) .
rhizosphere metagenome data (see Materials and methods). According to MLTreeMap analysis, Alpha-, Beta-and Deltaproteobacteria were most abundant (contributing to 410% of the bacterial community). Further abundant taxa (45% each) included the Firmicutes, Actinobacteria, Gammaproteobacteria and the Deinococcus-Thermus phylum. Archaea were more abundant in the rhizosphere than in the phyllosphere. Archaeal rhizosphere inhabitants comprised in particular diverse methanogens (Methanobacteriales, Methanomicrobiales, Methanosarcinales and Methanocellales; Supplementary Figures S1 and S2c), which is in agreement with previous reports (Conrad, 2007) . The percentage of unknown taxa was clearly higher in the rhizosphere compared with the phyllosphere; 40% of the clone sequences originated from unknown genera (Supplementary Table S2 ). This finding is also reflected by the higher number of rhizosphere metagenome reads that mapped to deep-branching positions in the MLTreeMap tree (Figure 2 ), reflecting the distant relatedness to sequences of genome-sequenced organisms.
Protein identification and assignment to bacterial and archaeal taxa A total of 4628 different proteins were identified (Supplementary Table S3 ), of which 70% were annotated as bacterial and archaeal proteins. Protein identification was most successful in the phyllosphere samples (762-959 bacterial proteins per sample; Table 1 ). Metagenome data significantly improved protein identification: 60% of the proteins in the metagenome-sequenced sample IR-72 were identified based on metagenome sequence data and slightly more than 50% in samples Angelica and PSB RC80 (Table 1 ). The higher complexity of the microbial community composition in the root samples together with the higher percentage of uncultivated genera largely affected protein identification. The number of identified proteins in the more complex rhizosphere and rhizoplane samples was much lower; only between 126 and 350 bacterial and archaeal proteins were identified. The metagenome data generated for the rhizosphere sample IR-72 increased protein identification not as strongly as observed for the phyllosphere sample, only 7-25% of the proteins in the rhizosphere and rhizoplane were identified based on the metagenome data. The phyllosphere metagenome did not substantially improve protein identification in the rhizosphere and vice versa, which reflects the distinct community composition in these compartments. Differences between phyllosphere and rhizosphere communities were also visible at the level of assigned proteins to bacterial and archaeal taxa (Figure 2 ). In the phyllosphere samples, the majority of proteins (60%) matched to members within the class Alphaproteobacteria, in particular to the genera Methylobacterium (559 proteins) and Rhizobium/ Agrobacterium (89 proteins). The Actinobacteria, which were present at roughly equal abundance as the Alphaproteobacteria according to MLTreeMap analysis of the metagenome data, were underrepresented in the proteome fraction of the phyllosphere. This most likely resulted from insufficient genomic information of the Actinobacteria for protein identification. Genome-sequenced strains closely related to those present in the root samples are not yet available in public databases (Supplementary Figure  S2a) and thus did not contribute to protein identification; on the other hand, metagenomic sequencing was not deep enough to cover the genomic diversity in the sample to fully compensate the lack of publicly available data compared with other taxa (see also Supplementary Table S3) .
Likewise as in the phyllosphere, the majority of proteins in the rhizosphere and rhizoplane samples were identified within the Alphaproteobacteria (33%), however, in these samples proteins were assigned to diverse genera, in particular to Bradyrhizobium, Rhodopseudomonas, Azospirillum, Methylobacterium, Magnetosprillum and Methylosinus. Furthermore, a substantial part of the identified proteins was assigned to genera within the Betaproteobacteria (Dechloromonas, Acidovorax and Herbaspirillum) and Deltaproteobacteria (Anaeromyxobacter, Geobacter and Desulfovibrio), consistent with the already mentioned observation that these represent dominant taxa in the rhizosphere of sample IR-72 based on metagenome reads (Figure 2 ) and clone library analysis (Supplementary Table S2 ). Proteins of proteobacteria were also identified as the most prominent group in a recent metaproteomic rice rhizosphere study . These proteins were identified based on metagenome sequence reads with an ORF of unknown identity.
Metaproteogenomics of the rice microbiota C Knief et al
Comparison of the different metaproteome datasets and identification of phyllosphere-and rhizosphereenriched protein families The proteome composition of the different samples was compared using cluster analysis with multiscale bootstrap analysis. In order to take into account functional redundancy, the proteins were analyzed according to their assignment to Pfam domains (Figure 3) . A clear clustering of phyllosphere, rhizosphere/rhizoplane and water samples was obvious based on this analysis, whereas a further differentiation of the four root samples was not evident. Therefore, these samples were combined in the following and considered as 'root samples'. Differences between the phyllosphere, root and water samples were analyzed further by identifying significantly enriched Pfam domains (Figure 4 , Figure 3 Comparison of the proteome composition in the different samples using hierarchical cluster analysis. The relative frequency of Pfam domains was compared across samples based on protein fractional spectral counting. The analysis was done using log-transformed data, differences between samples were calculated as Euclidean distances and samples grouped based on similarity using the Ward clustering algorithm. Significant grouping of samples is indicated based on multiscale bootstrap resampling, which results in approximately unbiased P-values (expressed in %). Clusters with P-values 495% are highlighted by red rectangles. Table 2 .
Metaproteogenomics of the rice microbiota C Knief et al Table 2 ). Pfams that were specific for the phyllosphere communities comprised proteins involved in substrate uptake such as porins (Pf02530, Pf00267 and Pf05736) and components of ABC transport systems (Pf00496, Pf00497, Pf02608, Pf04069, Pf00532, Pf01547 and Pf01297). Several proteins that have been reported to occur abundantly in phyllosphere bacteria before (Delmotte et al., 2009) were in this study shown to be indeed enriched in bacteria residing in this particular plant compartment. These include proteins involved in stress response (Pf02566), especially proteins dealing with reactive oxygen species (Pf05443, Pf00210, Pf00141, Pf05532, Pf06628, Pf00199 and Pf00081), the fasciclin domain (Pf02469), PQQ-dependent methanol dehydrogenase as well as methanol dehydrogenaselike protein (Pf01011, Pf10527 and Pf10535) or the invasion-associated locus B-family protein (Pf06776). This latter protein was assigned to different Alphaproteobacteria, in particular to members of the genus Methylobacterium, where it was amongst the most abundant proteins. In addition to the above-mentioned proteins, several proteins of unknown function, both cytosolic-and membraneassociated (Pf07244, Pf01103, Pf06823, Pf04338, Pf03780 and Pf09917), were detected at higher frequency in the phyllosphere communities.
In the root samples, protein domains of enzymes involved in methanogenesis (Pf00296, Pf02240, Pf02241, Pf02783, Pf00374, Pf01993, Pf02745, Pf02249 and Pf04208) as well as methane oxidation (Pf04744, Pf02332, Pf02964 and Pf08714) and nitrogenase (Pf00142), and proteins involved in chemotaxis and motility (Pf00015, Pf00700, Pf00669 and Pf07196) were specifically enriched.
Most prominent in the water samples were Pfam domains of proteins involved in photosynthesis, CO 2 fixation (RubisCO) and the Calvin cycle (Pf00427, Pf02788, Pf00016, Pf00936, Pf00502, Pf00485, Pf00162, Pf01116, Pf02531, Pf01383, Pf03320, Pf00101, Pf00223 and Pf00421), which were assigned to Cyanobacteria, in particular Synechococcus and Cyanobium.
Overall, the observed significant differences were mostly due to protein families that were specifically assigned to distinct functional guilds, in particular in the root and water samples. In contrast to these, specific Pfam domains in the phyllosphere were more often seen in several different taxa, thus, reflecting general adaptations of the phyllosphere microbiota rather than specific metabolic capacities of distinct taxa.
One-carbon metabolism of rice-associated bacteria and archaea The proteome analysis suggests the occurrence of diverse microbial one-carbon conversion processes in association with rice plants. In all three phyllosphere samples, enzymes involved in aerobic methylotrophy prevailed, whereby the large subunit of methanol dehydrogenase (MxaF) (Anthony and Williams, 2003) , methanol dehydrogenase-like protein XoxF (Schmidt et al., 2010) and formaldehydeactivating enzyme Fae (Vorholt et al., 2000) were among the most frequently detected proteins in the metaproteomes. They were assigned to the genus Methylobacterium, a dominant member of the bacterial phyllosphere community. This finding is in agreement with observations on other plant species and underlines the importance of one-carbon metabolism for this genus upon phyllosphere colonization (Sy et al., 2005; Delmotte et al., 2009; Schmidt et al., 2010) . Furthermore, a methanol:NDMA oxidoreductase was identified and assigned to Amycolatopsis (von Ophem et al., 1993) , suggesting that other bacteria may also benefit from plant-released methanol in the rice phyllosphere, even though they are apparently less numerous.
In the water and root samples, proteins known to be involved in methylotrophy were less prominent, but also detectable. Such enzymes assigned to Methylobacterium were for instance detected in the water, but, in contrast to the phyllosphere, they were not among the top hits within this genus, possibly suggesting that the methylotrophic lifestyle might be of less importance for Methylobacterium when residing in the flooding water. Moreover, a PQQ-dependent methanol dehydrogenase assigned to Methylotenera and a XoxF-like protein assigned to Leptothrix (Lcho_3106) were detected in the water samples. A formaldehyde-activating enzyme (Fae) assigned to Variovorax was seen in the root samples. Methylotrophy in these genera or closely related strains has been reported earlier (Anesti et al., 2005; Nakatsu et al., 2006; Kalyuzhnaya et al., 2008) .
Based on proteome data, a dominating onecarbon conversion process in the root samples was methanogenesis, as already evident from the specific enrichment of corresponding Pfam domains ( Figure 4, Table 2 ). Although the diverse methanogens contributed only about 3% to the total microbial community (Figure 2 ), numerous proteins of these strictly anaerobic archaea were identified and dominant in the metaproteomes of the root samples. This overrepresentation is probably due to the fact that the relatively high number of genomesequenced strains within this group of organisms enhanced protein identification. Moreover, enzymes involved in methanogenesis and in particular methyl-CoM reductase are known to be present at high abundance in methanogenic archaea (Thauer, 1998; Zhu et al., 2004) . The most abundant proteins were subunits of the methyl coenzyme M reductase, methylenetetrahydromethanopterin reductase, F 420 -dependent methylenetetrahydromethanopterin dehydrogenase, CoM-CoB heterodisulfide reductase, tetrahydromethanopterin S-methyltransferase and coenzyme F 420 hydrogenase. The detection of both acetotrophic and hydrogenotrophic methanogens might indicate that different substrates were The corresponding graphic representation of all data is shown in Figure 4 . Pfams involved in DNA and RNA processing (replication, transcription and translation) were excluded from the list. reduced to methane. In addition, members of the genus Methanosarcina can use methanol as carbon and energy source and its conversion is initiated by methanol:corrinoid methyltransferase (Hagemeier et al., 2006) , which was also detected in this study. Moreover, enzymes involved in aerobic methane oxidation, that is, methanotrophy, were detected exclusively in the root samples ( Figure 4 , Table 2 ). These were assigned to alpha-as well as gammaproteobacterial methanotrophs, consistent with the 16S rRNA gene clone library analysis described above. The presence of both groups in the rice rhizosphere and rhizoplane is known from several previous studies (Bodelier et al., 2000; Eller and Frenzel, 2001; Horz et al., 2001; Shrestha et al., 2008; Wu et al., 2009) . Both, the soluble and particulate methane monooxygenase were detected with a roughly equal number of spectra. The soluble methane monooxygenase is found in many type II methanotrophs and some type I methanotrophs; it is known to be expressed only under low copper conditions (o0.8 mM) and has a lower affinity for methane compared with the membrane-bound enzyme (Hanson and Hanson, 1996; Hakemian and Rosenzweig, 2007) .
Since the discovery of methane production by plant leaves and a few reports about the isolation of methanotrophs from plant material, it has been speculated that methanotrophs, and thus methaneoxidizing activity, might be of relevance in the plant phyllosphere (Keppler et al., 2009) . However, no study in which the microbial community composition in the phyllosphere has been analyzed based on cultivation-independent methods has reported the presence of known methanotrophs. As rice plants release methane that is formed by methanogenic archaea via the aerenchyma and the aerial plant parts to the atmosphere (Frenzel, 2000; Wassmann and Aulakh, 2000) , the abundance of methanotrophic bacteria in the phyllosphere may be higher on these plants. Therefore, the question about the occurrence and putative role of methanotrophs in the phyllosphere was revisited in this study. There was no evidence for the presence of methane monooxygenase in the phyllosphere metaproteome, and the encoding genes were not detected in the metagenome of the rice phyllosphere microbiota generated here, while they were in the rhizosphere. Thus, known methanotrophic bacteria are not apparent as dominant players in the microbial community of the rice phyllosphere. However, methanotrophic Alpha-and Gammaproteobacteria were detectable in the phyllosphere samples using PCR targeting a subunit of the membrane-bound methane monooxygenase (pmoA) and by cultivation (data not shown). Nevertheless, their contribution to methane oxidation is most likely insignificant compared with the activity of the methanotrophs residing in association with the rice root as their cell number in the phyllosphere is much lower and they are exposed to methane mixing ratios o1000 ppmv (Bosse and Frenzel, 1997) , at which several methanotrophic genera become inactive . Only in association with the lower part of rice plant stems, where methane concentrations are higher, the presence and activity of methanotrophic bacteria has been reported (Bosse and Frenzel, 1997; Watanabe et al., 1997) . Taken these findings together, it appears unlikely that the wellknown methanotrophs that can be isolated from the phyllosphere of plants have a major role in the oxidation of plant-released methane.
Potential for nitrogen fixation in rice-associated bacteria The question of dinitrogen fixation by endophytic bacteria and possible beneficial effects for rice plants has already been addressed in several studies, as it is assumed to hold potential for the improvement of rice cultivation and grain yield. Transcripts of nifH genes of diverse diazotrophs were detected in roots and stems of cultivars (Elbeltagy and Ando, 2008; Prakamhang et al., 2009), and 15 N 2 fixation in Herbaspirillum-inoculated plant seedlings of old rice cultivars could be demonstrated (Elbeltagy et al., 2001) . However, the fixation rate under the tested conditions was rather low and it remained unclear whether labeled nitrogen was transferred to the plant material. According to the metagenomic analysis in the present study, the potential for nitrogen fixation in a field grown rice variety (IR-72) was substantial. Genes encoding dinitrogen reductase (nifH) and dinitrogenase (nifD and nifK) were detected in the rhizosphere as well as in the phyllosphere metagenome. Closer inspection of nifH diversity revealed that the gene was present in different taxa in the phyllosphere compared with the rhizosphere communities ( Figure 5 ). In the phyllosphere, the most frequently detected nifH sequence types were those of Azorhizobium and Rhodopseudomonas. In the rhizosphere, nifH was found across diverse taxa, including, for instance, Rhizobium, Methylococcus, Dechloromonas, Anaeromyxobacter, Syntrophobacter and some methanogenic archaea.
Remarkably, in contrast to the large diversity of nitrogenase genes in the phyllosphere and rhizosphere at the metagenome level, the detection of the protein dinitrogen reductase was restricted to rootassociated bacteria (Figure 5 ), whereby the identified NifH protein subunits were most closely related to the proteins from Bradyrhizobium, Magnetospirillum and Azospirillum, respectively (Supplementary Table S3 ). Few peptides of dinitrogenase reductase were identified in the rhizoplane; the oxygen-sensitive enzyme was predominantly seen in the rhizosphere, probably favored by the microoxic to anoxic conditions. To what extent the plant may profit from microbial nitrogen fixation under these circumstances remains to be shown. It has been stated that endophytic bacteria may transfer nitrogen more efficiently to the host plant compared with rhizosphere bacteria because of their closer association with the plant (Beattie, 2006) . Moreover, despite the detection of Nif proteins, care has to be taken whether nitrogen fixation is an active process in plant-associated bacteria as they may not necessarily produce an active enzyme. These rice-associated bacteria may nevertheless exert a positive effect on plant growth, according to the hypothesis that phytohormone production rather than the nitrogen-fixing activity is responsible for the frequently described growth-stimulating effect of diazotrophic bacteria (Barea et al., 2005) .
Besides the utilization of dinitrogen by some microbial taxa, the rice-associated microorganisms were prepared to use diverse other sources of nitrogen. Proteins involved in the assimilation of ammonium and ABC transport systems for the import of peptides were detected in the phyllosphere. Moreover, subunits of ABC-dependent transport systems for different amino acids were seen in the phyllosphere and rhizosphere. Amino acids are known to occur on leaf surfaces and in root exudates (Derridj, 1996; Hao et al., 2010) .
Conclusion
The present study extends knowledge about the physiology and adaptations of the plant-associated microbiota and provides for the first time a reference set of genomic and proteomic data of microbial communities associated with the above-and belowground parts of rice. Compared with previously studied bacterial phyllosphere communities from dicotyleous plants grown under different climatic and geographic conditions, the microbial proteome in the phyllosphere of rice was remarkably similar. The comparison of leaf-and root-associated communities allowed to strengthen previous hypotheses on compartment-enriched proteins of plant-associated bacteria, such as proteins involved in stress response, methanol utilization, the fasciclin protein or the invasion-associated locus B protein in the phyllosphere. Analysis of the metabolic make-up of rice-associated microbial communities underlines the importance of one-carbon compound cycling in the rhizosphere/rhizoplane as well as in the phyllosphere. In terms of nitrogen metabolism, the plantassociated microbiota was found to exhibit dinitrogen fixation potential; however, gene expression was exclusively found associated with the rhizosphere. This finding demonstrates the advantage of functional genomic approaches compared with metagenomic alone to infer the in situ physiology of microbial communities.
Figure 5 Diversity and frequency of nifH genes in the metagenome of sample IR-72 and of NifH in the metaproteome of all phyllosphere (blue) and root (red) samples. A high diversity of nifH was observed at metagenomic level, but only a couple of genes were shown to be expressed specifically in the root samples. The relative number of metagenome reads and protein spectra, respectively, that matched to a strain is indicated as colored stacked bar. Assignments to higher taxonomic ranks are equally fractionated across all strains representing the respective taxon. The figures were constructed with MLTreeMap. Higherresolution images are provided as supplementary material (Supplementary Figure S4) .
